Abstract-In this work, we consider delay-constrained systems in cooperative relay networks, and derive methods to maximize the throughput when a limited feedback link to the transmitter nodes exist. We derive the optimal rate control policy, and show that with just a few bits of feedback, most of the gains of the perfect feedback rate control policy are achievable. We maximize the throughput for popular methods of transmission in a network such as relaying, routing, and direct transmission. It is observed that for a finite rate of feedback, the throughput maximizing outage probability can be relatively high. This suggests using higher rate codes, and allowing some outages in an effort to increase the overall throughput. Interestingly, for large average power constraints, power control is unnecessary to maximize the throughput. On the other hand, for small average power constraints, we show that power control is more important than rate control.
I. INTRODUCTION
In recent years, there has been a growing demand for providing new services in wireless networks with increasing throughput and reliability requirements. One method to enable such services is through cooperative transmission [1] , which has shown the ability to improve the reliability of network transmissions, even with simple repetition based coding protocols [4] . As a result of the time varying nature of the fading process, which causes random fluctuations in the received power level, the attempted rate of transmission can exceed the instantaneous capacity of the channel, which results in an outage event. To combat the effect of outages, feedback information is sent to the transmitters to allow for adaptive communications. Feedback can be exploited to perform power or rate control, allowing for a dynamically changing power or coding rate, based on the instantaneous channel state. The concept of network power control was addressed in [2] for applications requiring constant transmission rates. In this work, we consider the problem of exploiting the feedback to increase the overall throughput.
Typically, the performance of systems in the block fading network environment can be characterized by the outage probability [8] and the delay-limited capacity [7] . However, due to the effect of outages, the effective data rate, or throughput, is less than the attempted transmission rate. Higher transmission rates leads to a higher frame error rate (FER), and low transmission rates translate to low FER's. The FER, which serves as a tight lower bound to the outage probability [9] , needs to be balanced with the transmission rate to maximize the throughput. We consider the practical problem of throughput maximization, which more accurately reflects end-to-end performance than the rate of transmission.
In the network setting, we consider different possible methods of transmission: relay coding, routing, and direct transmission. Our main contributions are three-fold. First, we derive the optimal rate control procedure which maximizes the system throughput for the above mentioned transmission techniques. The algorithm is designed based on the rate of the feedback link and the target outage probability. Interestingly, it is observed that for a finite rate of feedback there is an optimal outage operating point that maximizes the throughput, which for a small rate of feedback, can be greater than 10%. This suggests that minimizing the outage probability is unnecessary to maximize the throughput. In fact, for a finite rate of feedback, it is better to increase the coding rate and allow for some frame errors.
Second, we show that for a small rate of feedback, it is unnecessary to temporally vary both the rate and power. For small average power constraints, power control with rate selection suffices to maintain a high throughput. On the other hand, for large average power constraints, adapting the transmission rate while using a constant power is nearly as useful as variable rate/variable power transmission.
Finally, we show the power of relay coding over both routing and direct transmission in terms of achievable throughput.
Decode and forward [5] , one of several cooperative transmission techniques discussed in this work, is shown to have a tremendous increase in throughput over direct transmission. Furthermore, decode and forward provides large throughput gains over routing, suggesting the importance of collaboration between the transmitting nodes in a network. Our results on the throughput gains of decode and forward, along with the outage analysis of [3] suggest that decode and forward is an appropriate network code in the fading relay channel.
II. CONCLUSIONS The details of this work will be presented at the conference. We will analyze the throughput of different network transmission protocols in the fading channel when a limited 0-7803-9305-8105/$20.00 ©2005 IEEE feedback link to the transmitters exist. We derive the optimal rate control algorithm that maximizes the throughput. We show that only a few bits of feedback are needed to realize tremendous increases in throughput. An interesting conclusion from this work is that the optimal operating point in terms of throughput is at a moderately high outage probability, which suggests using higher rate codes at the expense of frame errors. Furthermore, we show that power control is only necessary for small average powers, while rate control is sufficient when the average power constraint is large.
